The synthetic utility and theoretical basis of a 8 photolabile hydroxylamine-linker are presented. The devel-9 Letter pubs.acs.org/OrgLett
oped protocols enable the efficient synthesis and chemo-10 selective photolytic release of either hydroxamates or 11 carboxamides from solid support. The bidetachable mode of 12 the linker unit is uniquely dependent on the solvent. 13 Hydroxamic acids are obtained by performing photolysis in protic solvents, whereas photolysis in aprotic solvents enables the 14 selective release of carboxamides. 15 H ydroxamic acids have been the source of much 16 biochemical interest in recent years. 1 Therefore, the use 17 of solid-phase 2 combinatorial chemistry 3 for high-throughput 18 generation of structurally diverse hydroxamic acids is highly 19 relevant. Although hydroxamic acids may be obtained by direct 20 cleavage of resin-bound esters with hydroxylamine derivatives, 4 21 this strategy requires an excess of hydroxylamine and/or 22 addition of base which complicates postcleavage workup. 23 Several approaches involving resin-bound hydroxylamine link-24 ers have been reported. 5 However, these hydroxamate linkages 25 suffer from only being cleavable under acidic conditions, which 26 limits the range of chemical transformations applicable to the 27 solid-phase synthesis of structurally diverse hydroxamic acids. 28 Therefore, other cleavage principles are necessary in order to 29 provide complex molecules assembled through a diverse range 30 of chemical reactivity. A linker system that can be cleaved under 31 photolytic conditions may be considered truly orthogonal in 32 this context. 6 Futhermore, photolytic cleavage offers a mild 33 method of cleavage which is particularly attractive for the direct 34 release of screening compounds into biological screens without 35 contamination by cleavage reagents. 36 We now wish to report a complete study on a photolabile 37 linker based on the o-nitroveratryl group 7 capable of releasing 38 hydroxamates upon UV irradiation. Uniquely, this linker unit 39 may function as a "bidetachable" system. By simply varying the 40 reaction solvent, the photolysis can be controlled to provide 41 either C−O or C−N bond cleavage, which allows for controlled f1 42 release of the hydroxamate or carboxamide, respectively ( Figure   f1 43 1). This strategy may introduce further diversity into target 44 molecules and compound libraries. Linker 4 was readily s1 45 prepared in a few high-yielding steps (Scheme 1) 8 before 46 being explored as a hydroxamate-releasing linker. A N-[(1H-47 benzotriazol-1-yl)(dimethylamino)-methylene]-N-methyl-48 methanaminium tetrafluoroborate N-oxide (TBTU)-mediated 49 coupling of 4 to a Rink linker attached to the commercially 50 available amino-functionalized support (PEGA 800 ) afforded the 51 hydroxylamine-functionalized photolabile support. Using stand-52 ard TBTU-mediated peptide coupling reactions, derivative 5a 53 was synthesized as a simple and easily monitorable model 64 photolysis of 6a on the level of final product formation. The 65 photoreaction was studied by photolyzing aliquots of the resin 66 6a in various solvents and determining the product distribution 67 via HPLC analysis. Because the solvent also influences the 68 swelling and solvation properties of the support, the obtained 69 results are merely qualitative. While this technique did not 70 allow us to quantify the amount of products formed, it did 71 provide an expedient method to determine the relative 72 photoproduct formation. Selected product yield profiles are t1 73 listed in Table 1 (for a comprehensive list consult the 74 Supporting Information (SI)). It is evident that the solvent 75 has a strong influence on the product ratio of the reaction and 76 some general conclusions may be drawn. Polar solvents favor 77 formation of the hydroxamic acid product 7a, while apolar 78 solvents mainly give the carboxamide product 8a. In particular, 79 the polar fluorinated alcohol, hexafluoroisopropanol (HFIP), 80 with a high hydrogen-bond-donating ability led to hydroxamic 81 acid product 7a with high selectivity. Apolar solvents favor 82 formation of the carboxamide product 8a over hydroxamate 83 product 7a. Notably, when using mesitylene, carboxamide 84 product 8a was formed exclusively. 85 The effect of Lewis acid catalysis on the photoreaction of 5a 86 has also been investigated (SI). The qualitative studies showed 87 that a wide range of Lewis acids favor the formation of the 88 hydroxamate product. The most efficacious Lewis acid was 89 found to be BF 3 , giving high selectivity toward formation of the 90 hydroxamate product 8a. It is generally assumed that the decay of the aci-nitro forms is 121 the rate-limiting step in the photoisomerization of o-nitrobenzyl 122 derivatives and that cyclization to form intermediate 15 123 proceeds only from the neutral aci-tautomer 14. 11−13 Under 124 conditions where interconversion between the two aci-nitro 125 forms is efficient, we expect the "normal" hydroxamic acid 126 product forming pathway (14 → 15 → 16) to be fast. 127 However, in aprotic solvent where ionization to 13 − does not 128 occur, the Z-aci-nitro species 12 give rise to a N−O bond 129 fragmentation pathway, which generates the amide and 130 nitroketone products 19 and 20. The proposed mechanism is 131 depicted in Figure 2 . 132 To further investigate the photolysis of hydroxamate-133 functionalized o-nitroveratryl compounds, we synthesized 21 134 (SI) as a model compound and studied the photolysis in f3 135 solution (Figure 3) . Hereby we were able to identify the nature 136 of byproducts formed in the photolysis of a hydroxamate-137 functionalized o-nitroveratryl compound. Furthermore, solution 138 phase photolysis experiments provide the opportunity to study 139 the photolysis without influences from swelling and solvation 140 properties of the solid support. Photolysis of 21 was carried out 141 in a broad range of solvents (see SI). The low solubility of 21 142 did not allow an investigation of irradiation experiments in 143 mesitylene and saturated hydrocarbon solvents. In polar 144 solvents and in acidic solutions (CH 3 CN, HFIP, 1% TFA in 145 MeOH) the hydroxamic acid product formation is the only 146 observed pathway, while the apolar solvent toluene gave a 147 mixture of hydroxamic acid 7a and carboxamide 8a in a ratio of 148 1:1. Two examples of our results with 21 are shown in Figure 3 . 149 Each peak in the chromatograms is characterized and identified 150 by UPLC-MS. In agreement with our proposed mechanism, we 151 observed from these experiments that the major byproduct 152 formed in polar solvents was o-nitrosobenzaldehyde 22, with 153 only minor impurities of 23, while o-nitrosobenzaldehyde 22 154 and o-nitrobenzaldehyde 23 were formed in a ratio of ∼1:1 in 155 toluene. The absence of other peaks in the chromatograms 156 indicates that no other side reactions had occurred. Confident 157 with the photolysis strategy, we employed the hydroxylamine 158 linker 4 for the parallel synthesis of a library of putatively t2 159 HDAC inhibitors 16 (Table 2 and SI). A Rink linker was 160 positioned between the support and the photolinker unit to 161 optimize and verify attachment chemistry of linker 4 on the 162 solid support. After incubating the supports 5a−e with TFA/ 163 CH 2 Cl 2 (1:1) for 2 h, one major peak corresponding to 164 cleavage of the Rink linker was generally observed (6a−e), 165 In summary, we have developed a photolabile hydroxylamine 210 linker for the synthesis of hydroxamic acids on solid support. 211 The synthesis strategy shows excellent compatibility with a 212 range of structurally diverse compounds. The linker is 213 compatible with most commonly used protecting groups for 214 SPPS and remains intact throughout the multistep synthesis. 215 Products are ultimately released from the solid support in high 216 purity using light. In addition, this linker unit may also function 217 in a bidetachable mode, enabling the release of the 218 corresponding carboxamides when photolysis is performed in 219 an aprotic solvent. Based on results from density functional 220 theory calculations, the present paper provides evidence of the 221 mechanism allowing for the control and selection between 222 these two competing reaction pathways. Finally, we have 223 demonstrated the use of the linker for the generation of a 224 pharmacologically relevant hydroxamate-functionalized natural 225 product-like DKP derivative in high purity. 226 
